In mammals, the Ror-family receptor tyrosine kinases consist of two structurally related proteins, Ror1 and Ror2, characterized by the extracellular Frizzled-like cysteine-rich domain and membrane proximal kringle domains. As an attempt to gain insights into their roles in mouse development, expression patterns of Ror1 and Ror2 during early embryogenesis were examined and compared. Interestingly, at early stages, Ror1 and Ror2 exhibit similar expression patterns in the developing face, including the frontonasal process and pharyngeal arches, which are derived from cephalic neural crest cells. On the other hand, they exhibit different expression patterns in the developing limbs and brain, where the expression of Ror2 was detected broadly compared with that of Ror1. At a later stage, both genes are expressed in a similar fashion in the developing heart and lung, yet in a distinct manner in the brain and eye. q
Results and discussion
Receptor tyrosine kinases (RTKs) play crucial roles in developmental processes by eliciting signaling cascades upon binding of their cognate ligands, leading to cell proliferation, migration, differentiation, survival and death (Schlessinger, 1998 (Schlessinger, , 2000 . In mammals and Drosophila melanogaster, the Ror-family RTKs consist of two structurally very similar proteins, Ror1 and Ror2 (Wilson et al., 1993; Oishi et al., 1997; Forrester et al., 1999; Oishi et al., 1999) , characterized by the extracellular Frizzled-like cysteine-rich domain and membrane proximal kringle domains (Masiakowski and Yancopoulos, 1998; Saldanha et al., 1998) . It has been shown that mice lacking Ror2 expression exhibit dwar®sm, short limbs and tail, facial anomalies, cardiac septal defects, severe cyanosis and respiratory dysfunction, resulting in neonatal lethality Takeuchi et al., 2000) . Furthermore, it has recently been reported that mutations of the Ror2 gene cause Robinow syndrome or Brachydactyly type B in human (Afzal et al., 2000; Oldridge et al., 2000; van Bokhoven et al., 2000) , indicating that Ror2 plays an essential role in morphogenetic and developmental processes. However, the exact developmental expression patterns and functions of Ror1 and Ror2 remain unknown. In this study, we analyzed and compared the expression patterns of Ror1 and Ror2 during mouse early embryogenesis by in situ hybridization.
Apparent expression of Ror1 and Ror2 was detected in embryos at E7.5 (Fig. 1A,B) . Ror2 was expressed in the entire regions of the primitive streak (Fig. 1B) , while the expression of Ror1 was localized in the anterior part of the embryo (Fig. 1A) . At E8.5, transcripts of Ror1 were detected in the cephalic mesenchyme, particularly at high levels in the neural crest cells (Fig. 1C ,E,K), migrating to the pharyngeal arches. Ror2 was expressed broadly in neural and non-neural tissues, including the prosencephalon, mesencephalon, dorsal part of the trunk neural tube, cephalic neural crest cells and the entire primitive streak regions (Fig. 1D,F,L) . In the cephalic regions, Ror1 was expressed in the mesodermal and neural crest-derived mesenchyme, while expression of Ror2 seemed to be restricted to the neural crest cells (Fig. 1K,L) . Interestingly, the expression pattern of Ror2 in the cephalic neural crest cells was overlapped with that of Ror1. At later stages (E9.5±10.5), both Ror1 and Ror2 genes revealed similar expression patterns in the facial primordia, including the medial and lateral nasal processes and the pharyngeal arches, which partially originate from neural crest cells (Fig. 1G±J ). It is noteworthy that both genes exhibit similar expression patterns in the developing face. In contrast, Ror2 transcripts were detected in the forebrain, midbrain and presomitic mesoderm (Fig. 1H ,J, data not shown), while expression of Ror1 was restricted to the dorsal part of the diencephalon and the mid-hind brain boundary (Fig. 1G,I , data not shown). At these stages, as assessed by analysis in sections, expression of Ror1 and Ror2 was also detected in dorsomedial parts of the dermomyotome and the sclerotome (Fig. 1M, data not shown) .
In the developing limbs, we observed strong expression of Ror1 and Ror2 from E9.5 onwards (Fig. 1G,H) . At E10.5, the expression of Ror1 was restricted to the proximal regions of the limb buds ( Fig. 2A) , whilst Ror2 expression appeared to extend throughout the limbs (Fig.  2B) . Analysis in sections revealed that Ror1 (Fig. 2G) and Ror2 (Fig. 2H) were expressed in the limb mesenchyme, but not in the ectoderm. As development of the limbs proceeds, Ror2 transcripts were detected in the perichondrium of the digits and the marginal regions of the limbs at (A,B) . Expression of Ror1 and Ror2 is detected from E7.5 (A,B). At E8.5 (C±F), Ror1 transcripts are detected in the cephalic mesenchyme, including the neural crest cells (C,E,K), whilst Ror2 transcripts are detected in the cephalic neural crest cells (D,F,L), trunk neural tube and primitive streak regions (D). The posterior limit of Ror1 expression seems to be the rostral half of the hindbrain. Ror1 and Ror2 genes exhibit a similar expression pattern in the facial primordia at E9.5±10.5 (G±J). At E10.5 (I,J), Ror1 expression is restricted to the proximal regions of the limbs (I), while Ror2 expression appears to extend throughout the limbs (J). (K) and (L) are sections through the hindbrain of the embryos in (C) and (D), respectively. (M) is a section through the trunk of the embryo in (J). al, allantois; dm, dermomyotome; nc, neural crest; pa, pharyngeal arches; sc, sclerotome. E12.5 (Fig. 2D) , and this expression pattern was still maintained at E13.5 (Fig. 2F) . On the other hand, Ror1 was expressed in the anterior and posterior portions of the limbs (Fig. 2C) , that presumably correspond to prospective necrotic zones at E12.5, and in the interdigital regions at E13.5 (Fig. 2E) , respectively.
The expression of Ror1 and Ror2 at a later stage (E13.5) was also examined in several additional organs, including the heart, lung, brain and eye. In the heart, both Ror1 and Ror2 were expressed in the myocardium, interventricular septum, aortic valve and atrium, but not in the epicardium (Fig. 3A,B , data not shown). The expression of both genes was also detected in primitive alveoli (Fig. 3C,D) . These ®ndings are compatible with the phenotype observed in Ror2 de®cient mice (Takeuchi et al., 2000) . In the developing brain at this stage, Ror2 was expressed predominantly in the limbic neocortex, hippocampal neuroepithelium and caudate putamen (Fig. 3F) , although apparent expression of Ror1 was not observed in the brain (Fig. 3E) . Conversely, expression of Ror1, but not Ror2, was detected in the lens epithelium of the developing eyes (Fig. 3G,H) .
Collectively, our results indicate that the spatio-temporal expression patterns of Ror1 and Ror2 are at least partly overlapped in the developing face, limbs, heart and lungs. These ®ndings suggest that Ror1 and Ror2 may play important roles in early mouse development, and that both molecules may exhibit a functional redundancy during the development of the limbs and facial structures.
Methods
For mouse embryos, the day when the vaginal plug was detected was de®ned as E0.5. In situ hybridization analyses to whole-mount embryos and vibratome sections were performed essentially as previously described (Yoshikawa et al., 1997) . The 0.7 kb PstI/KpnI fragment of Ror1 or the 0.86 kb KpnI/NotI fragment of Ror2 were utilized as templates to synthesize single strand RNA probes. Vibratome sections of the heart and limb buds were obtained by sectioning specimens at 100 and 300 mm, respectively. The brain and lung were subjected to in situ hybridization analysis after dissection from the embryos. Stained embryos were embedded in paraf®n and sectioned at 8 mm for a more detail analysis. In the brain, expression of Ror2 is clearly detected in the limbic neocortex, hippocampal neuroepithelium and caudate putamen (F), whilst apparent expression of Ror1 is undetected (E). The anatomical location of Ror2 expression in the brain is de®ned according to the description in`Chemoarchitectonic Atlas of the Developing Mouse Brain' (Jacobowitz and Abbott, 2001) . Expression of Ror1 (G), but not Ror2 (H) is detected in the lens epithelium of the developing eyes. a, atrium; cp, caudate putamen; ep, epicardium; hn, hippocampal neuroepithelium; ivs, interventricular septum; le, lens; lnc, limbic neocortex; lv, left ventricle; rv, right ventricle.
